The rf signals used to construct conventional ultrasound B-mode images contain frequency-dependent information that can be examined through the backscattered power spectrum. Typically, the backscattered power spectrum is calculated from a region of interest ͑ROI͒ within some larger volume. The dimensions of the ROI are defined axially by the spatial length corresponding to the time gate and laterally by the number of scan lines included in the ROI. Averaging the backscattered power spectra from several independent scan lines can reduce the presence of noise caused by electronics and by the random scatterer spacings, but also decreases the lateral resolution of the interrogation region. Furthermore, larger axial gate lengths can be used to reduce the effects of noise and improve the precision and accuracy of scatterer property estimates but also decreases the axial resolution. A trade-off exists between the size of the ROI ͑the number of scan lines used, the separation distance between each scan line, the axial gate length͒ and the accuracy and precision of scatterer property estimates. A series of simulations and measurements from physical phantoms were employed to examine these trade-offs. The simulations and phantom measurements indicated the optimal lateral and axial sizes of the ROI, where estimate accuracy and precision were better than 10% and 5%, respectively, occurred at 4 to 5 beamwidths laterally and 15 to 20 spatial pulse lengths axially.
I. INTRODUCTION
A conventional B-mode image is made up of several parallel or consecutively spaced axial rf time signals. Each rf time signal is a series of echoes backscattered from structures in the interrogated medium. In a conventional B-mode image, the frequency-dependent information in an rf time signal is not utilized. Instead, conventional B-mode images of tissues using ultrasound are made by generating a grayscale image using the envelope-detected rf signal backscattered from the tissues.
The frequency-dependent information in an rf time signal may be related to the tissue microstructure ͑structures less than the ultrasound wavelength͒. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Parametrizing the frequency-dependent information of backscattered signals from tissues allows the characterization and differentiation of tissues. Several researchers have used quantitative ultrasound ͑QUS͒ or parameter information about the shape of the spectrum of scattered ultrasound to classify tissue microstructure and identify disease. 2, 9, [11] [12] [13] [14] [15] [16] Other researchers have been able to estimate the size, shape, and internal make-up of scatterers in tissues from models. 3, [5] [6] [7] [9] [10] [11] 16 Scattering from tissues is often modeled using the Born approximation ͑weak scattering with no multiple scattering͒. 17 Regions of interest ͑ROIs͒ are chosen from interrogated volumes, and the spectral properties of the rf signal corresponding to the ROIs are quantified and related to models of tissue scattering. Tissue scattering often represents a stochastic process that gives rise to incoherent and coherent spectra. [17] [18] [19] The incoherent spectrum includes information about the size, shape, density, and mechanical properties of the scatterers. 19 If a model accurately describes the incoherent spectrum, then estimates of scatterer properties can be made. The coherent part of the spectrum is also a function of the individual scatterer properties but is strongly dependent on the spatial variation of the scatterers. 19 If the scatterers are not randomly spaced in the volume, than resonance peaks would appear in the coherent spectrum corresponding to the spacings of the scatterers. 20 For random scattering, the coherent spectrum appears as noise ͑called spatial variation noise͒.
The spatial variation noise can adversely affect the ability to estimate the shape and magnitude of the incoherent spectrum. 21 The spatial variation noise can be reduced by two means. If the gated length of the corresponding rf time signal is sufficiently long, the spatial variation noise is reduced. 18 Second, to reduce the influence of the spatial variation noise, the backscattered spectra from several independent rt time samples ͑denoted herein as A-lines͒ are spatially averaged. 5, 6, 17, 18, 21 If the interrogated scattering volume is homogeneous ͑uniform distribution of random, nearly identical scatterers͒, then samples throughout the volume can be measured and averaged.
If the interrogated volume has regions with different scattering statistics, smaller ROIs within the interrogated volume are needed to distinguish and characterize the different regions within the interrogated volume. Smaller ROIs are chosen within the interrogated volume to resolve changing structure within the interrogated volume ͑assuming that the scatterers are much smaller than the sizes of the ROIs͒. The ROIs are assumed to have relative uniform scattering within the interrogated volume composed of possible nonuniform scattering.
The smaller the ROIs, the better the approximation that structure within an individual ROI is uniform. However, as the ROI becomes smaller, the number of independent samples that can be measured decreases and the length of the gate decreases. The volume interrogated by a single scan line depends on the beamwidth of the transducer and the gated length along the transducer axis.
Several studies have examined the effects of the axial gate length and windowing function on the ability to make scatterer property estimates. One study indicated that when the gated length was not large ͑five times the wavelength at the center frequency͒ the measured backscattered power spectrum did not fit the theoretical power spectrum well. 22 As the size of the gated length increased, the measured backscattered power spectrum fit the theoretical power spectrum better. Further, a better fit to the theoretical power spectrum was revealed at a gate length of 12.5 times the wavelength at the center frequency when a Hanning window was used over a rectangular window. Other studies indicated that if the length of the axial gate was larger than the pulse length, the contribution of the spatial variation noise was reduced. 18, 23 As the axial gate length was reduced to the length of the pulse, it was noted that truncation errors occurred and that the length of the pulse needed to be incorporated into spectral estimates. 24 Attempts were made with limited success to correct for the small gate truncation errors using a deconvolution method. 25 In another study, axial resolution for ROIs was optimized at a length of 10 times the wavelength of interrogation. 15 In that study, a line was fit to the backscattered power spectrum versus gated axial length using a Hanning window. The 10-wavelength ROI was chosen at the point where the slope estimates from the best-fit line first converged. The study examined the accuracy of slope estimates versus axial length but did not consider the precision in making estimates versus axial length. A similar study examined the precision limits of estimating the frequency dependence of the backscattered power spectrum versus gate length. 26 The study showed that as the gate length increased the precision of estimates improved. Further, the study did not take into account the effects of the lateral ROI size on the accuracy and precision of estimates.
The lateral ROI length and the A-line separation are other important considerations to the accuracy and precision of estimates. A rule of thumb has been that the averaged backscattered spectrum should consist of a number of A-lines sampled at a half beamwidth apart. 21, 27 Some researchers have suggested spatially averaging 25 A-lines for sufficient sampling and noise reduction, while others have suggested 5-10 A-lines. 17, 18 The half beamwidth center-tocenter distance between A-lines is conjectured to give nearly independent samples and further reduce spatial variation noise. 21 However, no definitive rules for determining the optimal lateral ROI length and A-line center-to-center distance have been indicated. One study examined the precision and accuracy of spectral estimation with both axial and lateral ROI size. 28 The study compared theoretical predictions of precision with experimental measurements. The study indicated that longer axial and lateral lengths gave better precision and accuracy. However, in order to determine the size of an ROI yielding a particular accuracy and precision, both the axial and lateral ROI lengths must be examined at the same time.
In the study reported herein, a technique is developed to quantify the spatial variation noise and its decrease after spatially averaging. The axial and lateral ROI length ͑assuming that the scatterers are much smaller than the ROI size͒ for making scatterer property estimates are examined to determine the optimal ROI resolution. Further, the A-line centerto-center distance is examined to determine the optimal A-line separation distance for estimating scattering properties from weakly scattering volumes. Section II describes the theory behind backscattering from weakly scattering volumes and quantification of spatial variation noise. Section III details the simulation construction and physical phantom measurements with randomly spaced glass beads. Section IV presents the results of the simulations and phantom measurements for reducing the spatial variation noise and optimizing ROI resolution. The final section ͑Sec. V͒ gives some conclusions about the study.
II. THEORY
Consider a signal of the form, g L (t), representing a backscattered time sequence from a gated length, L, in a scattering medium. The function, g L (t), is the convolution of an impulse response h(t) that incorporates the electromechanical characteristics of the transducer and diffraction, and a scattering function, r L (t), from randomly spaced, nearly identical particles 20, 27 
The Fourier transform of the signal is given by
The scattering function can be written as
where c is the speed of sound in the medium, d i represents the individual scatterer spacings, s(t) is the scattering function for a single scatterer, and N represents the number of scatterers in the interrogated volume. The interrogated volume is determined by the length of the gate, L, and the crosssectional area of the ensonifying beam. The Fourier transform of r L (t) is given by
where S( f ) is the scattering spectrum. The scattering spectrum depends on the shape and the mechanical properties of the scattering particles. The backscattered power spectrum is the magnitude squared of Eq. ͑2͒, and is given by
The backscattered power spectrum can be separated into the coherent and incoherent spectra by simplifying Eq. ͑5͒
where the first term on the right is the incoherent spectrum and the second term is the coherent spectrum. Rearranging terms yields
where kϭ2 f /c, ␦ nm ϭd n Ϫd m , and the number of terms in the coherent spectrum is ͓N(NϪ1)͔/2. For random scattering, the form of N͉S( f )͉ 2 can be estimated by assuming that the incoherent spectrum is the backscattered power spectrum, while the coherent spectrum acts as noise ͑spatial variation noise͒ that reduces the accuracy and precision of the estimation technique.
If the scatterers are randomly distributed within the interrogated volume, estimates of the scatterer properties are obtained by modeling the scatterers and fitting the model to the incoherent portion of the backscattered power spectrum. Assuming the model correctly describes the scattering, the spatial variation noise reduces the accuracy and precision of the scattering property estimates. Because the spatial variation noise depends on the random spacing of the scatterers in the interrogated volume, spatially averaging the backscattered power spectra from several different, nonoverlapping interrogated volumes can reduce the spatial variation noise. When samples from nonoverlapping, interrogated volumes are averaged, the variance in some estimated parameter, x , is reduced by the number of averaged samples as 21, 29 
where N s is the number of averaged samples and x represents the estimate from the averaged samples.
In making backscatter measurements using ultrasound, ROIs are selected from the interrogated volume. The ROIs are constructed from gating the different A-lines that are separated by some predetermined distance. Typically, the ultrasound source/receiver scans, or is steered, laterally across the scattering medium with individual A-lines separated by a predetermined distance related to the beamwidth. A rule of thumb has been that the A-lines be separated by a half beamwidth because it was conjectured that separating by that distance gave sufficiently independent measurements for spatial variation noise reduction. 21, 30 Though the half-beamwidth separation does not give truly independent samples, a further reduction of spatial variation noise can be achieved over fullbeamwidth sample separation for a particular lateral ROI length. 21 The number of samples in a particular lateral ROI length is doubled for half-beamwidth separation over fullbeamwidth separation. Furthermore, the larger the lateral ROI length the greater the reduction of spatial variation noise because more independent samples would then be averaged. The distance of the separated A-lines and the number of A-lines determine the lateral resolution of an ROI.
The effects of the A-line center-to-center distance and number of samples averaged can be determined by quantifying the spatial variation noise for the backscattered power spectrum. The spatial variation noise spectrum ͑dB͒ is found by dividing the averaged measured power spectrum by the impulse response and the scattering function for the medium,
where N avg is the number of measured power spectra from different A-lines that are averaged. The spatial variation noise can be quantified by taking the average of the spatial variation noise spectrum over the analysis bandwidth
where B is the number of samples in the bandwidth. If two consecutive A-lines are separated by a small distance relative to the beamwidth, the spatial variation noise spectra of the two A-lines will be highly correlated. If two A-lines are compared that correspond to completely nonoverlapping scattering volumes, the correlation between the spatial variation spectra should be close to zero. The averaging of the spatial variation noise spectra of any two different A-lines from a statistically homogeneous region will result in a decrease in the overall spatial variation noise and a subsequent decrease in ͗W svn ͘ over the analysis bandwidth. The relative decrease in spatial variation noise was defined according to
where the numerator is ͗W svn ͘ for N avg power spectra from different A-lines and the denominator is ͗W svn ͘ for a single A-line. Equation ͑11͒ compares the spatial variation noise from averaging the spatial variation spectra from several A-lines to a single A-line.
III. SIMULATION AND EXPERIMENTAL METHODS
The center-to-center spacing between A-lines, the number of A-lines, and the gated axial length are key factors to determining the level of spatial variation noise. There exists a trade-off between the lateral and axial length ͑resolution of the ROI͒ and the amount of spatial variation noise reduced by averaging a number of A-lines. In order to examine the trade-off between lateral and axial resolution and noise reduction, simulations from software phantoms and measurements from physical phantoms were made.
The software phantoms were constructed by first choosing a number density for each phantom of 64 mm Ϫ3 . A scattering volume ͑Fig. 1͒ was selected for each phantom and a number of point scatterers, number density times the phantom volume, were randomly placed in the volume. The software phantoms were assumed to be acoustically lossless. The source had a center frequency of 10 MHz and a Ϫ6-dB pulse/echo bandwidth of 5 MHz. A waveform ͑Fig. 2͒ was propagated from the source into the scattering volume at normal incidence. The source produced a Gaussian beam ͑laterally͒ with a Ϫ6-dB beamwidth of 0.6 mm. The source was weakly focused and all estimates were made within the depth of focus. Two other waveforms with beamwidths of 0.3 and 0.9 mm were simulated to evaluate whether the beamwidth was the limiting factor in lateral resolution. Each A-line was then constructed with individual point ͑Rayleigh͒ scatterers in the corresponding beam field, spherically scattering the incident pulse with the amplitude of the incident pulse and summing each scattered echo signal back at the source. Individual A-lines were constructed by translating the simulated source/receiver laterally across the length of the phantom with a step size of 25 m.
Individual A-lines were gated using a Hanning window centered at a depth corresponding to 5 mm inside the phantom ͑the middle of the phantom͒. The backscattered power spectrum was found by taking the magnitude squared of the Fourier transform of the gated signal. The spatial variation noise in the coherent part of the backscattered spectrum was calculated from Eq. ͑9͒ with ͉H( f )͉ 2 equal to the power spectrum of the excitation pulse, ͉S( f )͉ 2 equal to the power spectrum of the point scatterers ( f 4 dependence͒, and N equal to the number density of scatterers times the ensonified volume ͑cross-sectional beamwidth area times the gated length͒.
Measurements from two physical phantoms were made with a single-element weakly focused transducer ͑f number of 4͒ that had a center frequency of 10 MHz. The Ϫ6-dB pulse/echo bandwidth of the transducer was 6.5 MHz and the Ϫ6-dB pulse/echo beamwidth at the focus was measured to be 670 m using the wire method.
31 Figure 3 displays an example of the incident pulse reflected from a Plexiglas® plate centered at the focus. The pulse reflected from the Plexiglas® was used as a reference pulse. 5, 6, 17 In a measurement, the transducer was placed parallel to the face of the phantom so that the ultrasound would propagate normal to the surface. Both phantoms were filled with randomly placed glass beads with diameters ranging from 45 to 53 m.
32 Phantoms A and B had measured attenuations of approximately 0.5 and 0.65 dB/MHz/cm over the range of 5-12 MHz, respectively. The number density of phantom A was close to half that of phantom B. The phantoms were scanned laterally 2 cm in length along their surface with a step size of 25 m between each scan line ͑A-line͒. For each A-line, the backscattered signal was temporally averaged for 300 realizations to reduce any electronic noise associated with the measurement.
Individual A-lines were gated using a Hanning window of variable lengths with the edge at a depth corresponding to 2 mm inside the phantom. The backscattered power spectrum was found by taking the magnitude squared of the Fourier transform of the gated signal. The backscattered power spectrum was then multiplied by a frequency-dependent attenuation-compensation function. 27 The spatial variation noise spectra from the phantom measurements were calculated from Eq. ͑9͒. ͉H( f )͉ 2 was given by the power spectrum of the reference pulse, ͉S( f )͉ 2 was determined by the theory of Faran 33 for glass beads of diameter 49 m, and N was found from the acoustic concentration determined using the MASD method. 
IV. SIMULATION AND EXPERIMENTAL RESULTS
The percent correlation at zero lag between the spatial variation noise spectra of two A-lines versus the A-line separation distance was determined for both the simulated phantoms and the physical phantoms according to
where B represents the number of sampled points in the analysis bandwidth and the two lines are represented by the subscripts 1 and 2, respectively. The center-to-center distance was normalized by dividing by the Ϫ6-dB beamwidth of the source/receiver. Figure 4 shows the percent correlation between the spatial variation noise spectra of two A-lines versus the center-to-center distance ͑in beamwidths, BW͒ for the simulated phantoms. The correlation steadily decreased as the center-to-center distance increased until the A-line center-to-center distance was about 1 beamwidth. The correlation at about 1 beamwidth began to level off to near zero. The reason for the correlation decreasing and then leveling off at a separation of near 1 beamwidth is that the compared A-lines represented nearly independent scattering volumes. Similarly, Fig. 5 shows the percent correlation between the spatial variation noise spectra of two A-lines versus the A-line separation distance for the physical phantom measurements. In the phantom measurements, the correlation did not reach its minimum value until after the A-line separation distance exceeded the Ϫ6-dB pulse/echo beamwidth. Similar to the simulation phantoms, the correlation appeared to level off after the A-line separation distance exceeded 1 beamwidth.
The next set of measurements evaluated the decrease in physical phantom measurements occurred at around 6 BW.
In the simulations and the physical phantom measurements, the A-line separation distance did not appear give additional decreases in ͗W svn ͘ rel .
Figures 6 and 7 indicated that the most important factor to reducing spatial variation noise was not the A-line separation distance but rather the lateral length of the ROI. Averaging the backscattered spectra from any two different A-lines, whether they are from independent samples or not, will decrease the spatial variation noise. The lateral ROI length was the most important factor in spatial variation noise reduction; however, using A-lines with smaller separation distances means that you have a greater sampling over the lateral ROI length. Furthermore, any electronic noise in the backscattered spectrum will have little correlation from one A-line to the next, no matter the separation distance. The advantage to averaging the backscattered power spectra from many A-lines, because the A-lines separation distance is small, is that the electronic noise is reduced more than averaging the backscattered power spectra from just a few A-lines. In at least one study, improvement in scatterer property estimates was indicated by choosing smaller A-line separation distances. 34 Figure 8 reveals the importance of the lateral ROI length for decreasing the spatial variation noise. The average size of the scatterers in the phantoms was estimated from the backscattered power spectrum using the MASD estimation technique and the theory of Faran.
5,33 The backscattered power spectrum was measured by selecting ROIs in the physical phantoms with axial lengths of 4 mm and varying the lateral ROI lengths. The analysis bandwidth used for the estimates was from 5-12 MHz. The analysis bandwidth corresponded to a ka range of 0.5 to 1.2, which has been measured to be the optimal range for estimating glass bead sizes. 6 Estimates of glass bead sizes indicated that both accuracy and precision were affected by the lateral ROI length and not significantly by the A-line separation distance. The estimates of average glass bead size converged as the lateral ROI length approached 5 BW ͑Fig. 8͒. Furthermore, the error bars indicate that the precision of the estimates increased as the lateral ROI length increased up to a lateral ROI length of 5 BW. Beyond a lateral ROI length of 5 BW, no significant gains were made in accuracy and precision of the estimates.
Measurements of the spatial variation noise with source/ receivers having different beamwidths indicated the optimal lateral ROI length in terms of BW was independent of the width of the beam. ͗W svn ͘ rel was calculated at an A-line separation of 0.25 BW with beams of lateral length of 0.3, 0.6, and 0.9 mm. Figure 9 shows the relative spatial variation noise decrease in ͗W svn ͘ rel as the lateral ROI length increased. The 1/e decrease in the spatial variation noise occurred in each measurement at a lateral ROI length of approximately 5 BW. The measurements indicate the optimal lateral ROI resolution is independent of the beamwidth of the source/receiver.
The decrease in ͗W svn ͘ rel was also examined versus the axial gate length. Figure 10 shows a plot of the axial length in pulse lengths ͑PLs͒ versus the 1/e lateral ROI distance ͑BW͒ at which ͗W svn ͘ rel decreased to 1/e of the maximum value. The axial gate length did not appear to effect the average lateral ROI distance at which ͗W svn ͘ rel was decreased to 1/e of the initial value. The dominant factor in decreasing ͗W svn ͘ rel was the lateral ROI length. However, at smaller gate lengths the standard deviation for estimating the 1/e decrease in ͗W svn ͘ rel was much greater. The axial gate length will affect the ability to make accurate and precise estimates. The spatial variation noise explains the effects of the lateral ROI length on the accuracy and precision of scatterer property estimates, but may not be the best measure for determining the optimal axial length for an ROI. Other effects than the spatial variation noise contribute to the loss of accuracy and precision at smaller axial gate lengths. 25 The next simulation examined the accuracy and precision of parametrizing the frequency dependence of the backscattered power spectrum versus different lateral and axial ROI lengths affected. Point scatterers have frequency dependence to the fourth power for backscatter. Figures 11 and 12 , respectively, show the accuracy and precision of estimating the frequency dependence of point scatterers versus different sizes of ROIs. The best accuracy and precision of estimates were obtained when the axial gate length and lateral ROI length were the largest. However, if smaller ROIs are desired to improve resolution and to increase the likelihood that the ROI contains uniform scattering statistics, then smaller ROIs that still retain good accuracy and precision of estimates should be chosen. For example, if the smallest possible ROI is desired while still retaining within 5% accuracy and precision, an ROI of 15 PLs times 5 BWs would fit.
The importance of the axial and lateral length of an ROI to the accuracy and precision of estimates can be seen from the phantom measurements ͑Figs. 13 and 14, respectively͒. The average size of the scatterers in the phantoms was estimated from the backscattered power spectrum using the MASD estimation technique and the theory of Faran. ROI lengths. The analysis bandwidth used for the estimates was from 5-12 MHz.
Estimates of glass bead sizes indicated that the lateral and axial ROI length affected both accuracy and precision. Small axial gate lengths led to the largest inaccuracies in the estimate of scatterer size ͑Fig. 13͒. Errors of less than 10% occurred with axial gate lengths equal to or larger than 12 PLs and lateral ROI lengths of 5 BW. Smaller lateral lengths can be used with equivalent errors by using larger axial gate lengths. The precision of the estimates improved as the ROI area increased ͑Fig. 14͒. The standard deviation of less than 5% occurred when the ROI had an axial length of around 15-20 PLs and a lateral length of 5 BWs.
In order to obtain accurate and precise estimates, it must be noted that the number of samples within the lateral ROI length must be large enough. The importance of obtaining enough samples in the lateral ROI length was indicated from the 1-beamwidth separation data ͑Figs. 6 and 7͒. At the 5 BW, lateral ROI length line, 6 A-lines at the 1-fullbeamwidth separation distance were sampled. The data point at the zero lateral ROI length value could be thought of as sampling one independent sample over a lateral ROI length of 5 BW. The data point at the lateral ROI length of 1 beamwidth could be thought of as sampling two independent samples over a lateral ROI length of 5 BW. The same goes for each data point up to the lateral ROI length of 5 BW ͑six independent samples͒. The data indicate that to get the best accuracy at the lateral ROI length of 5 BW there must minimally be an A-line separation of 1 beamwidth, with 6 being the total number of samples. The A-line separation distance can be as small as desired but the upper bound should be at most 1 beamwidth.
V. DISCUSSION
When making estimates of scatterer properties from the backscattered spectra of weakly scattering volumes, the sizes of ROIs selected are important to obtaining good estimates. In tissues it is especially important to minimize the ROI size because of possible variations throughout a larger volume. ROIs are chosen within the interrogated volume under the assumption that within the individual ROIs, the scattering properties are statistically uniform while in the larger volume, variation in the scattering properties may exist. Smaller ROIs allow for regions with different scattering statistics to be resolved in the overall volume. However, if the ROIs are too small, the accuracy and precision of scattering estimates suffer.
Optimizing the resolution ͑ROI size͒ with regards to the accuracy and precision of spectral estimates is important to tissue characterization. Typically, the rule of thumb has been that backscattered spectra should be averaged from A-lines separated by a distance of a half beamwidth. The more A-lines ͑longer lateral ROI length͒ the better the spectral characterization. Further, longer gate lengths were revealed to produce better estimates.
Results from simulation and physical phantom experiments indicated that the separation distance of the A-lines was not as important a factor in determining the accuracy and precision of scattering estimates as the lateral ROI length. However, when optimizing for ROI size, the separation distance of A-lines in the ROI should be at most 1 beamwidth. Choosing A-line separation distances smaller than 1 beamwidth can reduce the electronic noise further.
The key factor in reducing spatial variation noise and improving the accuracy and precision of scattering estimates was the overall axial and lateral lengths of the ROI. The simulations and phantom measurements indicated the optimal lateral and axial length, where estimate accuracy was consistently within 10% and precision within 5% of actual values, occurred at 4 to 5 beamwidths and 15 to 20 pulse lengths, respectively. Optimally, the results of the simulation and phantom experiments showed that the total lateral length of an ROI should be 5 BW. The total lateral length of 5 BW represents the length where the spatial variation noise was reduced by 1/e through averaging of the backscattered spectra from the individual A-lines. Furthermore, the lateral length size of 5 BW represented the length where the best accuracy and precision of glass bead estimates from the physical phantoms were reached. There was minimal advantage to increasing the ROI size beyond 4 to 5 beamwidths laterally and 15-20 pulse lengths axially. Increasing the size of the ROI gave some improvement in accuracy and precision, but such gains may be offset by tissue inhomogeneity. Similar accuracy and precision could be achieved by increasing either the axial length and decreasing the lateral length, or vice versa. The A-line separation distance should be less than or equal to 1 beamwidth, with smaller A-lines separation distances typically giving further reductions in electronic noise. 
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